Summary. The Ba2+, Mg2+ and Sr2+ (each at 1\m=.\80mm) to substitute for 1\m=.\80 mm-Ca2+ in promoting the AR was also assessed. Of these, only Sr2+ provided a response greater than that observed in unsupplemented Ca2+-deficient medium. In Sr2+ the proportion of responding cells after 24h (\m=~\13%) was similar to that obtained in Ca2+( \ m=\ 1 5 %) , although a majority of those in Sr2+ were at intermediate stages. In 3\m=.\60mm-Sr2+ the response was significantly higher than that observed in both 1\m=.\80mm-Ca2+ and 1 \m=.\80mm-Sr2+, but significantly lower than that in 3\m=.\60mm-Ca2+. Under all conditions motility was maintained at >90% for 24 h. The introduction of the Ca2+ ionophore ionomycin, in the presence of 1\m=.\80mm-Ca2+ , induced the AR in a concentration\x=req-\ dependent but preincubation time-independent manner, with the maximum response of \m=~\60% being obtained with 30 \g=m\m-ionomycin.Finally, incubation in the presence of 1 \m=.\80mm-Ca2+ and verapamil, generally considered to be a calcium channel antagonist, resulted in a concentration-and incubation time-dependent increase in the AR, the maximum response in all groups being observed only after 24 h incubation. Recent evidence from other species suggests that this may represent an agonistic interaction with calcium channels. We conclude that optimal conditions for capacitation and the AR in human spermatozoa require extracellular Ca2+ at > 1 \m=.\80mm. 
Summary. The extracellular Ca2+ requirements for support of capacitation and the spontaneous acrosome reaction (AR) in human spermatozoa have been evaluated. Motile suspensions were prepared using a swim-up method, incubated for up to 24 h in media of various Ca2+ concentrations, fixed and assessed for occurrence of the AR using transmission electron microscopy. Results indicated that the AR response was significantly lower after incubation in Ca2+-deficient medium (generally < 10% reacting cells) than in 1 \m=.\80mm-Ca2+-containing medium (\m=~\15%). In the latter the majority of cells were fully reacted, while in Ca2+-deficient conditions the majority were at intermediate stages of the AR. Subsequent experiments indicated that a maximum AR response required the continuous presence of millimolar Ca2+; preincubation in the presence of micromolar Ca2+ did not prepare the spermatozoa to undergo rapid AR upon increase of Ca2+ to millimolar concentrations, suggesting that capacitation requires relatively high concentrations of extracellular Ca2+ Incubation in elevated Ca2+ (3\m=.\60 mm) promoted an even greater response (mean of 24\p=n-\35%react-ing cells compared with 12% for 1\m=.\80mm-Ca2+). The ability of the divalent cations Ba2+, Mg2+ and Sr2+ (each at 1\m=.\80mm) to substitute for 1\m=.\80 mm-Ca2+ in promoting the AR was also assessed. Of these, only Sr2+ provided a response greater than that observed in unsupplemented Ca2+-deficient medium. In Sr2+ the proportion of responding cells after 24h (\m=~\13%) was similar to that obtained in Ca2+( \ m=\ 1 5 %) , although a majority of those in Sr2+ were at intermediate stages. In 3\m=.\60mm-Sr2+ the response was significantly higher than that observed in both 1\m=.\80mm-Ca2+ and 1 \m=.\80mm-Sr2+, but significantly lower than that in 3\m=.\60mm-Ca2+. Under all conditions motility was maintained at >90% for 24 h. The introduction of the Ca2+ ionophore ionomycin, in the presence of 1\m=.\80mm-Ca2+ , induced the AR in a concentration\x=req-\ dependent but preincubation time-independent manner, with the maximum response of \m=~\60% being obtained with 30 \g=m\m-ionomycin.Finally, incubation in the presence of 1 \m=.\80mm-Ca2+ and verapamil, generally considered to be a calcium channel antagonist, resulted in a concentration-and incubation time-dependent increase in the AR, the maximum response in all groups being observed only after 24 h incubation. Recent evidence from other species suggests that this may represent an agonistic interaction with calcium channels. We conclude that optimal conditions for capacitation and the AR in human spermatozoa require extracellular Ca2+ at > 1 \m=.\80mm. An influx of Ca2+ Introduction Extracellular calcium ions are obligatory for successful fertilization in invertebrates (Loeb, 1915) and mammals (mouse: Iwamatsu & Chang, 1971) . In all species examined, an influx of Ca2+ is required to trigger the acrosome reaction (AR) which results in release of lytic enzymes and mem¬ brane alterations required for sperm-egg interaction. In mammalian spermatozoa, with a require¬ ment for capacitation which prepares them for the acrosome reaction, Ca2 + may play a role during both these initial stages as well as the terminal ones associated with the acrosome reaction. Current evidence suggests this to be true for hamster (Yanagimachi, 1982) and mouse (Fraser, 1982 (Fraser, , 1987b spermatozoa, although guinea-pig spermatozoa appear to undergo capacitation in the absence of added Ca2 + : if incubated for a sufficient time in Ca2 +-deficient medium, the introduction of milli¬ molar concentrations of Ca2+ triggers a rapid AR response (Yanagimachi & Usui, 1974) . Similar treatment of hamster (Yanagimachi, 1982) and mouse (Fraser, 1982) (Fraser, 1987b) . Furthermore, the minimum Ca2+ concentrations required to support mouse sperm capacitation per se and optimal fertilization differ markedly, being 90 µ and 1-80 mM, respectively (Fraser, 1987b) .
Considerable interest is now being focussed on human spermatozoa and their specific require¬ ments for capacitation, the AR and fertilization. We have recently described the time-dependent pattern of spontaneous AR in human spermatozoa, from men of proven fertility, during incubation under conditions which support fertilization in vitro (Stock & Fraser, 1987) . In the present study we have compared the incidence of spontaneous AR in suspensions of human spermatozoa incubated in the presence or absence of added Ca2 +. We have also examined the response to addition of ionomycin, a divalent cation ionophore which promotes the entry of Ca2 + , and verapamil, a calcium channel antagonist (Triggle & Janis, 1987) .
We have also examined the possibility that divalent cations other than Ca2+ might be able to support capacitation and/or the AR. In other studies, Sr2
+ has proved to be the most effective ion to replace Ca2 + , being able to support both the AR and hyperactivated motility in guinea-pig spermatozoa (Yanagimachi & Usui, 1974) , sperm-egg fusion in the hamster (Yanagimachi, 1978) , and capacitation, AR, hyperactivated motility, zona penetration and sperm-egg fusion in the mouse (Fraser, 1987c) . There have also been reports that human spermatozoa preincubated in Sr2 + were more successful in fertilizing zona-free hamster eggs in the presence of Ca2 + than control cells incubated continuously in Ca2+ (Mortimer, 1986; Mortimer et ai, 1986 + (0-45-0-9 mM) and elevated . Where necessary, extra NaCl was added to maintain osmolality at 275-285 mosmol (measured on an osmometer). To study other divalent cations, l-80mM-BaCl2, -MgCl2 or -SrCl2 was added to Ca2 +-deficient medium; elevated Sr2+ at 3-60 mM ( 2) was also evaluated. Motile suspensions (n = 9) were prepared in the following media: -Ca, +Ca, +Sr, +2 Ca (3-60mM-CaCl2) and +2 Sr (3-60mM-SrCl2). After incubation for 24 h, aliquants from the +Sr and +2 Sr suspensions were centrifuged as in Series VIII and resuspended in +Ca medium for 15 min. These and the remaining samples were fixed, giving a total of 7 treatment groups: -Ca, +Ca, +Sr, + Sr-> + Ca, +2 Ca, +2 Sr and + 2x Sr->+Ca. With this increase in treatments, some samples had insufficient spermatozoa to assess all 7 conditions. The minimum number of replicates for any one set of conditions was 6.
Processing and assessment. All samples were fixed in 3% glutaraldehyde in 01 M-cacodylate buffer, pH 7-2, for 45 min at room temperature. They were then centrifuged at 600 g for 5 min and the pellet was resuspended in fresh 0-1 M-cacodylate buffer. After 24 h samples were post-fixed in 1 % osmium tetroxide, washed in 50% alcohol, 'blocked up' in molten agar (Ryder & McKenzie, 1981) , dehydrated in graded alcohols and embedded in araldite resin. Ultrathin sections were stained with uranyl acetate and lead citrate and examined with either a Philips 301G or Hitachi HU 12A electron microscope.
A minimum of 200 sperm heads was assessed in each sample. Each cell was classified into one of the 6 stages of the AR which we have previously described (Stock & Fraser, 1987; Stock et a!, 1989) : Stage I cells are acrosome-intact; Stages 2^4 are at intermediate stages at which initiation of the AR can be seen (swelling of the acrosomal cap, formation of intraacrosomal vesicles from the outer acrosomal membrane, loss of acrosomal matrix despite retention of plasma and outer acrosomal membranes); Stages 5 and 6 are acrosome-reacted with exposed inner acrosomal membrane except in the equatorial segment (vesicles may still be associated with the sperm head). Only morphologically normal heads were counted.
Data were analysed using Cochran's modification of the 2x2 contingency tables (Snedecor & Cochran, 1967 Ca->+Ca suspensions when compared with their +Ca counterparts at 6 h ( -Ca, 5-0%; -Ca^+Ca,4-9%; -l-Ca, 9-4%)and 24h ; -Ca^+Ca, 7-9%; +Ca, 13-2%). Fig. 3 , responses in +Ca were higher than those in the other 3 groups at 6 h (-Ca, 5-3%; low Ca, 4-3%; low^+ Ca, 5-6%; -l-Ca, 9-6%) and 24 h (-Ca, 80%; low Ca, 9-4%; low Ca->+Ca, 9-6%; -hCa, 12-7%). Again the patterns of response were consistent with those observed in the earlier series: in +Ca suspensions, the majority of cells were fully reacted while in the 3 with reduced Ca2 + present during initial incubation the reverse was true. Because the responses were consistent in the 3 replicates, further ones were not carried out. Motility was maintained at >95% in all groups. We suggest that human spermatozoa require continuous exposure to high (millimolar range) Ca2 + concentrations in order to complete capacitation and to undergo the AR.
Series IV: what is the effect of elevated extracellular Ca2 + on the AR response? The continuous presence of 2 Ca (3-60 mM) resulted in a significantly higher (P < 0001) incidence of AR (34-7%) at 24 h in comparison with the standard +Ca (11-9%) (Fig. 4) . One of the 2 Ca 24 h group exhibited a massive proportion of reacted cells (91 %) with most at Stages 5 and 6. Despite the unusually high value, the mean responses in this 2 Ca sample at 6 h and in both the 6 and 24 h +Ca samples were unremarkable and we have no firm basis for rejecting this value. If it is ignored, however, the mean response is still elevated (24-2%; < 001). In all samples motility was maintained at >95% throughout the 24-h incubation period. We conclude that elevated extracellular Ca2+ concentrations stimulate the AR. 3 for 3 h and 6 for 24 h). ***P < 0001 compared with +Ca controls for all samples (**P < 001 excluding the high response).
Series V: what is the effect of ionomycin on the AR in suspensions incubated in C'a"' ' -containing medium?
A significant increase (P < 0-05-P < 0001, depending on treatment) in the incidence of AR was observed in all ionomycin-treated suspensions, compared with the drug-free controls (Fig. 5) . ). *P < 005, **P < 0-01, ***P < 0-001 compared with appropriate drug-free controls.
The magnitude of the response was concentration-dependent, the greatest response being elicited by 30 µ -ionophore, but the responses were similar at all 3 time points for each drug concentration evaluated. The total mean proportions of responding cells at 0, 3 and 6 h were: 3 µ -18-8%, 21-8%, 25-6%; 10 µ -35-7%, 43-6%, 34-8%; 30 µ -53-8%, 630%, 59-8%. Although there was an increase in the mean % reacted cells from 0 h to 3 h in all groups, this was only significant (P < The effects of verapamil treatment were dependent on both the drug concentration and the length of incubation (Fig. 6) . After 3 h no significant differences were detected among the 4 treat¬ ment groups, with the mean total % of reacting/reacted cells ranging from 10-3 to 141%, but after 6 h a significantly higher AR response (mean of 20-6%; < 001) was observed in the 100 µ -verapamil group than in the others (12-3-15-5%). After 24 h, a significantly elevated response was detected in all 3 verapamil-treated groups: 25 µ (220%) and 50 µ (22-8%), < 0-05; 100 µ (570%), < 0001, when compared with drug-free controls (15-3%). Motility was maintained at > 90% with the exception of one suspension after 24 h in 100 µ -verapamil; this was not felt to be significant since pilot studies revealed no obvious effect on motility. The dependence of the drug effects on extended incubation suggests that only capacitated spermatozoa can respond. The total mean proportion of sperm cells which had initiated (Stages 2-4) or completed (Stages 5 & 6) the AR after 24-h incubation was lower in all 5 treatment groups (-Ca, 5-6%; +Ba, 6-4%; + Ba->+Ca, 6-8%; +Mg, 7-7%; +Mg->+Ca, 80%) compared with the control group, +Ca (10-2%). Again, relatively few cells in -Ca medium were at Stages 5 and 6 and a similar pattern was observed in all +Ba and +Mg samples. This contrasts with the +Ca group in which the Fig. 9 . AR response in human sperm suspensions incubated for 24h in the following media: calcium-deficient ( -Ca), calcium-containing ( + Ca), strontium-containing ( + Sr), elevated calcium ( + 2xCa; 3-60mM-CaCl2) and elevated strontium ( + 2xSr; 3-60 mM-SrCl2) Aliquants of the strontium-incubated suspension were centrifuged and resuspended in + Ca medium ( + Sr->+Ca; +2x Sr->+Ca). Values are mean % + s.e.m. (« = 6-9). *P < 0-05, < 001 compared with +Ca controls;^P < 0-05 compared with +2 Ca suspensions. At 6 and 24 h, the mean proportion of cells at Stages 2-6 was significantly lower (P < 005) in the -Ca group (5-8% and 10-4%, respectively) than in the +Ca controls (121% and 14-7%, respectively). Although the equivalent figures for the +Sr group were slightly lower (6h, 9-6%; 24 h, 12-5%) than the controls, the difference was not significant (Fig. 8) (Fig. 9) . When all responses were compared with +Ca suspensions (mean of 13-4% cells at Stages 2-6), a significantly lower (P < 0-01) AR response was observed in -Ca medium (8-8%). In the +Sr suspensions, 10-4% of cells had responded; while this value was significantly lower (P < 005) than the controls, the similar but very slightly higher response in +Sr-> + Ca of 10-9% was not significantly different.
The AR in the presence of elevated concentrations of divalent cation was significantly higher compared with controls (13-4%): +2xCa, 22-6% (P < 001); +2xSr, 16-8% (P < 0-05); + 2 Sr-v + Ca, 17-8% (P < 005). At the same time, the response to +2 Sr was significantly lower (P < 005) when compared with the +2 Ca response. In 5 suspensions (data not presented in Fig. 9) Fraser, 1987b) . The greatest human sperm AR response was seen when samples were incubated continuously in elevated Ca2 + (3-60 mM). The fact that differences between 1 -80 and 3-60 mM-Ca2 +-incubated suspensions were detectable at 6 h and significantly higher in 3-60 mM at 24 h suggests that these conditions may both accelerate/promote capacitation and trigger the AR in a greater proportion of spermatozoa. This would be consistent with results obtained for the mouse in which elevated Ca2+ concentrations (3-60 mM) precociously stimulated the AR and in-vitro fertilizing ability (Fraser, 1987b) . Whether elevated Ca2+ would promote enhanced functional ability in human spermatozoa cannot be predicted. Extended incubation in > 3-60 mM-Ca2 + irreversibly damaged mouse sperm fertilizing ability and even a short incubation in 7-20 mM-Ca2 + was deleterious; these effects appeared to be associated with qualitative effects on motility (Fraser, 1987b (Fig. 8, 9 ). This latter pattern is also seen in Ca2 +-deficient and low Ca2+ conditions (Figs 1-3 and 7-9) and in Ba2+ or Mg2+ (Fig. 7) , suggesting that they are less able to promote the complete AR. Motility was maintained at >90% for 24 h. The total of reacting and reacted cells in Ca2 + -deficient medium increased slightly from 6 h to 24 h. It is likely that this increase is due in part to some cells dying during incubation and losing the acrosome. There is also the possibility that during the swim-up preparation the cells bound sufficient Ca2
+ from seminal plasma to promote the early stages of the AR. Certainly completion of the AR in such spermatozoa would appear to require millimolar concentrations of Ca2 +.
Current evidence (reviewed by Fraser, 1987a) indicates that capacitation involves a rise in the intracellular Ca2+ concentrations (e.g. White & Aitken, 1989) which leads ultimately to triggering of the AR. Divalent cation ionophores, in the presence of extracellular Ca2 +, increase the uptake of Ca2+ into spermatozoa (Babcock et ai, 1976; Peterson & Freund, 1976) Harrison, 1981; human: Jamil & White, 1981) . Using the Ca2+ ionophore ionomycin we have confirmed that ionophores can eliminate the need for extended incubation of human spermatozoa normally required to obtain the characteristic incidence of~15% spontaneous AR (Stock & Fraser, 1987) . A 15-min exposure to ionomycin at 0 h was essentially as effective in inducing the AR as a similar exposure following a 6-h drug-free preincubation. In this, our results contrast markedly with those of Byrd et ai (1989) , in which the greatest response to ionophore was only observed in suspensions preincubated for 6 h before treatment. Lee et ai (1987) have also reported that iono¬ phore treatment of fresh suspensions failed to stimulate the AR. The reason for these discrepancies is unclear. The media differed, being Earle's in our study and BWW in the others, but Cross et ai (1986) and Aitken et ai (1984) have provided evidence of rapid responses to ionophore in BWW medium. Indeed, the majority of similar studies have observed rapid responses of uncapacitated sperm suspensions to ionophore, both in terms of AR (e.g. Shams-Borhan & Harrison, 1981; Fraser, 1982; Cross et ai, 1986) and increased fertilizing ability (e.g. Fraser, 1982; Aitken et ai, 1984) .
In agreement with Byrd et ai (1989) we observed a concentration-dependent response to ionomycin over the range examined (3-30 µ ). The mean maximum response in the 30 µ -treated group was approximately 60%, with a high proportion (~50%) of cells at intermediate stages probably reflecting the short incubation after ionophore addition; a longer incubation would have allowed completion of the AR. While it is possible that a longer exposure to ionophore would have increased the proportion of reacted cells, this level of response is similar to that in other studies of human spermatozoa in the presence of ionophore, commonly A23187 but occasionally ionomycin. The maximum response noted, in some instances after several hours of incubation in ionophore, has consistently fallen within the range of~40-70% reacting cells rather than approaching 100% (Russell et ai, 1979; Jamil & White, 1981; Aitken et ai, 1984; Tesarík, 1985; Cross et ai, 1986; Lee et ai, 1987; Thomas & Meizel, 1988; Byrd et ai, 1989; Mortimer & Camenzind, 1989) . This suggests that some of the cells, even in selected and highly motile suspensions, are unable to respond to this exogenous stimulus and therefore may be inherently defective. The presence of a smaller proportion of reacting cells could be associated with basic cellular dysfunction. Aitken et ai (1984) have presented evidence that while A23187 treatment of sperm suspensions from men of proven fertility was associated with an increase in successful penetration of zona-free hamster eggs, similar treatment of samples from oligozoospermic men failed to alter markedly the poor pen¬ etration pattern observed. These same workers have suggested recently that at least one type of dysfunction in such suspensions is an excessive production of reactive oxygen species (Aitken & Clarkson, 1987) .
We failed to observe any correlation between the concentration of extracellular Ca2 + and main¬ tenance of sperm motility. Motility was maintained equally well for 24 h whether the medium was Ca2 +-deficient (~1 5 pM-freeCa2 + ; Fraser, 1987b) or contained Ca2+ at 1-80-3-60 mM. There have been numerous conflicting reports regarding Ca2+ and human sperm motility (see Hong et ai, 1984) . In suspensions which have been removed from seminal plasma and then incubated in pre¬ pared media, the Ca2+ concentration is more likely to affect qualitative features of motility which we did not evaluate, particularly hyperactivated motility (e.g. in mouse: Fraser, 1982; Cooper, 1984) . A preliminary study has suggested that a correlation exists between the extracellular Ca2 + concentration and the proportion of human spermatozoa exhibiting hyperactivated motility (Robertson & Mortimer, 1988) . Our observation that exposure to a high concentration of ionophore (30 µ -ionomycin) resulted in fairly rapid loss of motility is consistent with similar effects noted in other studies using ionophores (e.g. Shams-Borhan & Harrison, 1981; Fraser, 1982; Aitken et ai, 1984; Tesarík, 1985; Thomas & Meizel, 1988) . This response is due to ionophore-related effects on mitochondrial Ca2+ concentrations (Reed & Lardy, 1972 (Nagae et ai, 1986; Stock & Fraser, 1987) , rather than vesicles formed from fusion between plasma and outer acrosomal membranes (see Bedford, 1983) . In contrast, however, another recent study (Yudin et ai, 1988) Stock & Fraser, 1987; Stock et ai, 1988 Stock et ai, , 1989 However, the mechanisms controlling such an influx have yet to be identified. In sea urchin spermatozoa, the ability of drugs which antagonize voltage-sensitive calcium channels in somatic cells (Triggle & Janis, 1987) to block a Ca2 +-induced AR suggests that these channels play an important role in Ca2+ influx (Schackmann et ai, 1978; Kazazoglou et ai, 1985) . The evidence from mammalian spermatozoa is more equivocal since treatment of spermatozoa with drugs (e.g. verapamil, D600 and various dihydropyridines) usually regarded as antagonists of such calcium channels has generally had no effect or has enhanced the AR response (e.g. Singh et ai, 1980; Roldan et ai, 1986) . However, recent studies have provided support for the existence of similar channels in ram (Babcock & Pfeiffer, 1987) and mouse spermatozoa (Fraser & Mclntyre, 1989) . We have demonstrated that verapamil and the dihydropyridine nifedipine do not block capacitation per se (Fraser & Mclntyre, 1989) (Fraser, 1987b) (Scott & Dolphin, 1987 (Yanagimachi, 1981 (Fraser, 1987c 
